Abbreviations: ChIP, Chromatin-immunoprecipitation; DIV, days in vitro; EMSA, Electrophoretic 25 mobility shift assay; GABAR, GABA type A receptors; GABRB1, GABA receptor subtype A β1 subunit 26 gene; HRP, horseradish peroxidase; Inr, Initiator element; NRF-1, Nuclear Respiratory Factor 1; PhF1, 27 Polycomb-like protein; TSS, Transcriptional start site; VP16, herpes simplex virus virion protein 16.
INTRODUCTION
50 6 2000). The promoter containing a mutated NRF-1 element (TCTGCcCATGgGCA) within 163 the GABRB1p-Luc was created by PCR-driven overlap extension. Using wild-type GABRB1p-Luc as PCR 164 template, two PCR fragments were amplified using the GL1 primer (Promega) and the antisense mutant 165 NRF-1 oligonucleotide from EMSA, and sense mutant NRF-1 oligonucleotide and the GL2 primer 166 (Promega), resulting in fragments with 30 bp overlapping sequences that contain the mutant NRF-1 167 element. A second PCR step using GL1, GL2 primers and both initial PCR products produced the 168 mutant GABRB1 promoter insert.
169
Luciferase Assay/Reporter Assay with Magnetofection™-Magnetofection of DNA into primary 170 neuron cultures was achieved with the NeuroMag transfection reagent according to the manufacturer's 171 protocol. Here, 2 ml of resuspended E18 primary cortical neurons at 0.5 X 10 6 cells/ml were plated in 172 each well of a 6-well plate. On DIV7, neurons were transfected with 1µg of expression construct, 2µg of 173 promoter reporter construct, and 3µl of NeuroMag transfection reagent (1:1 DNA to reagent ratio). 24 h 174 after transfection, neurons were actively lysed by scraping. Cell lysates were cleared of precipitates by 175 centrifugation and then assayed for luciferase activity using a luciferase assay system (Promega).
176
Luciferase activity was normalized to total protein as determined using a protein assay kit (Thermo 177 Scientific Pierce). All transfections were performed in sister dishes from three or more plating sessions to 178 produce true N's.
179
Chromatin Immunoprecipitation (ChIP)-ChIP was performed according to the Magna ChIP A 180 protocol (Millipore). Briefly, primary neurons in 100 mm dishes were fixed with a final concentration of 181 1% formaldehyde in culturing media. The remaining unreacted formaldehyde was quenched with 182 Glycine. Genomic DNA and protein complexes were extracted from cells using nuclear lysis buffers 183 supplemented with protease and phosphatase inhibitors. The lysates containing DNA-protein complexes 184 were sonicated (nine times, 5 minutes each at a 30s on/off interval) in an ice-cold water bath with a 185 Bioruptor (Diagenode) in order to generate fragments predominantly in the range of 200 -500 bp in size.
186
The sheared chromatin was immunoprecipitated with either anti-NRF-1 antibody (Abcam ab34682 ChIP 187 grade antibody) or normal rabbit IgG overnight at 4 O C with constant rotation. The antibody/transcription 188 factor bound chromatin was separated from unbound chromatin using Protein A conjugated magnetic 189 beads and magnetic pull-down. The isolated complexes were washed with a series of salt buffer solutions 190 prior to eluting. DNA fragments were separated from complexes using Proteinase K and heating, and 
227
Neuronal depolarization increases NRF-1 and GABAR β1 subunit gene transcription 228 8
To determine whether Gabrb1 is activity dependent, primary cortical neurons were treated with KCl.
229
Both NRF-1 protein and NRF-1 mRNA levels have been previously shown to increase with KCl-230 stimulated depolarization . We asked whether under conditions where NRF-1 231 levels increase in response to neuronal activity, is it accompanied by increased levels of Gabrb1 232 transcripts. As shown in Figure 1A and 1B, there is a 2-fold increase in NRF-1 mRNA levels (1.982 ± 233 0.445, n=5, **p < 0.01) upon KCl stimulation for 6 hours that is accompanied by a ~30% increase in the 234 levels of NRF-1 protein (fold change: 1.285 ± 0.330, n=6, *p < 0.05) when compared to vehicle control.
235
In parallel to changes in NRF-1, we now report a ~40% increase in levels of Gabrb1 transcripts (fold 236 change: 1.424 ± 0.324, n=5, *p < 0.05).
238
Identification of a Conserved NRF1 Element in the GABRB1 Promoter
239
Our laboratory previously defined the 5'-regulatory region of the human β1 subunit gene GABRB1, 240 identifying transcriptional start sites (TSSs) within a 10 bp functional initiator element (Inr) that mediates 241 the response of the gene to chronic GABA exposure (Russek et al. 2000 , Saha et al. 2013 ). Now we report 242 that directly upstream of this Inr is a canonical NRF-1 element spanning -11/+1 relative to the major TSS 243 for the rat homologue Gabrb1 in neocortical neurons. As shown in Figure 2 , the location of the NRF-1 244 element within the promoter region is conserved across multiple species. Given the ubiquitous expression 245 of NRF-1, its conservation across species, and its established role in cellular respiration and mitochondrial 246 biogenesis, the sequence comparison presented in Figure 2 strongly suggests that the NRF-1 element is 247 functionally relevant to β1 subunit expression in the mammalian brain.
249

NRF-1 Recognizes the Cis-Element in the human GABRB1 Promoter 250
To determine the specific binding site within GABRB1-p that binds to NRF-1, we performed an 251 electrophoretic mobility shift assay (EMSA) with a 32 P-labeled probe specific to its NRF-1 consensus 252 element in a binding reaction with nuclear protein extracts from E18 primary cortical neurons. To validate 253 the specificity of the NRF-1 antibody for EMSA analysis, nuclear extracts were incubated with a positive 254 control probe (Dhar et al. 2008 ) containing the NRF-1 binding site of the rat cytochrome c promoter. As 255 shown in lane 2 of Figure 3A , the control radiolabeled probe (rat Cyt C) displays specific DNA 256 recognition from nuclear extracts of cortical neurons that is confirmed by supershift with the addition of 257 an NRF-1 specific antibody (Fig. 3A, lane 4) . Next, specific binding to the putative NRF-1 consensus site 258 in GABRB1 was confirmed using the same nuclear extracts, with sequence specificity defined by 259 competition with an unlabeled double stranded oligonucleotide that was identical to the probe sequence 260 (competitor) (Fig. 3A, lanes 6 and 7) . Addition of an unlabeled competitor mutant probe, containing 261 9 substitutions within the GC core, failed to compete for complex formation (Fig. 3A, lane 8) . Presence of 262 endogenous NRF-1 at the GABRB1 NRF1 consensus site was further confirmed by supershift analysis 263 using the NRF-1 specific antibody (Fig. 3A, lane 9) . Finally, a radiolabeled probe containing the sequence 264 of the mutant NRF-1 site in GABRB1 shows little or no complex formation (Fig. 3A, lanes 10-12) .
265
To determine whether the endogenous β1 promoter in neurons is occupied by NRF-1, ChIP was 266 performed using genomic DNA derived from E18 rat primary cortical cultures (DIV7) that was 267 precipitated with NRF-1 antibodies. Precipitated fragments were detected using PCR primers that 268 specifically amplify DNA encompassing the putative NRF-1 binding site in rat Gabrb1. As can be seen in 269 Figure 
275
99% match to the sequence, and all duplicates removed (Fig. 3C ). We also found coincident peak 276 detection using ENCODE datasets from NRF-1 ChIP-seq with genomic DNA from immortalized cell 277 lines (K562, HepG2, CH12.LX, GM 12878, and HeLa-S3; data not shown). Note that the detected peak 278 in H1-hESC is identical to that predicted by Figure 2 and within the wildtype oligonucleotide sequence 279 that bound nuclear extracts from rat primary neurons (Fig. 3) .
281
Overexpression of NRF1 Induces GABRB1 Promoter Activity in Transfected Primary Cortical Neurons
282
To evaluate whether there is a functional consequence to NRF-1 binding to its consensus site in 283 GABRB1-p, primary cortical neurons were transfected with the GABRB1p-luciferase construct containing 284 the 541 bp 5' flanking region upstream of the human β1 subunit gene (Russek et al. 2000) . We chose this 285 approach to study functional relevance of the NRF-1 site to GABRB1 transcription in neurons because 286 NRF-1's influence on the genome is difficult to detect by siRNA knockdown due to its robust expression 287 at baseline and protein stability (Baar et al. 2003 , Scarpulla 2006 , Ramachandran et al. 2008 ).
288
As the expression of the NRF1:VP16 fusion protein has been shown to induce the promoter 289 activity of NRF-1 responsive genes in cell lines (Ramachandran et al. 2008 , Gonen & Assaraf 2010 , we 290 transfected primary cortical neurons with NRF1:VP16 along with the GABRB1p-luciferase reporter and 291 found a marked increase (~70%, fold change: 1.671 ± 0.404, n=5, *p < 0.05) above baseline (when 292 compared to co-transfection with empty vector control, 1.00 ± 0.225, n=5) ( Fig. 4A ). Mutations were 293 introduced into GABRB1-p using site-directed mutagenesis (based on the loss of specific binding of NRF-10 1 as identified in EMSA (see Fig. 3, lane 8) ). As can be seen in Figure 4A for mGABRB1-p, with and 295 without NRF1:VP16 overexpression, mutation of the NRF-1 regulatory element in GABRB1-p reduces 296 basal activity to around 30% (fold change: 0.314 ± 0.067, n=5, *p < 0.05) of wild type. Overexpression of 297 NRF-1:VP16 has no effect on mGABRB1-p (0.358 ± 0.057, n=5, ns) showing that increased GABRB1 298 promoter activity directed by NRF-1 is sequence specific; and, moreover, that NRF-1 may be an 299 important positive regulator of β1 subunit expression in developing neurons, especially interesting 300 because β1 is found in the germinal zones and associated with pre-migrating neurons (Ma and Barker, 301 1995) . Furthermore, increased mitochondrial biogenesis has also been associated with neuronal 302 differentiation (Vayssiere et al. 1992 , Cheng et al. 2010 .
304
Inhibition of NRF-1 Function in Neurons
305
To evaluate the specific effect of endogenous NRF-1 on GABRB1 transcription, a dominant negative form 306 of NRF-1 was utilized that contains the DNA binding domain but lacks the NRF-1 trans-activation 307 domain (Gugneja et al. 1996) . Co-expression of this dominant negative NRF-1 represses GABRB1 308 promoter activity by 45% (fold change: 0.549 ± 0.164, n=6, *p < 0.05, Fig. 4B ) compared to empty-309 vector control (1.000 ± 0.235, n=6). Most importantly, overexpression of dominant negative NRF-1 310 blocks the activity dependent increase of endogenous Gabrb1 mRNA levels in response to KCl treatment 311 ( Fig. 5 ).
313
When taken together with the fact that the NRF-1 element in the β1 subunit gene is completely conserved 314 across species (Fig. 2) , and that there is a mutation-induced loss of binding ( Fig. 3) and function (Fig. 4) ,
315
our results strongly suggest that NRF-1 is an essential feature of β1 subunit expression in neurons and that 316 it couples transcription to the activity pattern of individual cells.
318
DISCUSSION
319
We now report that the GABAR β1 subunit gene (GABRB1/Gabrb1) is regulated by NRF-1, a 320 crucial transcription factor involved in oxidative phosphorylation and mitochondrial biogenesis. While it 321 is believed that NRF-1 coordinates synaptic activity and energy metabolism by regulating excitatory 322 neurotransmission via genes that code for subunits of the N-methyl-D-aspartate (NMDA) receptor (Dhar 323 & Wong-Riley 2009 , Dhar & Wong-Riley 2011 , it is clear that the this regulatory 324 program is more complex than originally expected given our observation that elements of inhibitory 325 neurotransmission may be coordinately regulated with excitation. This possibility is especially important 326 11 as a variety of brain disorders present with a decrease in GABAR β1 subunit levels, including epilepsy 327 where there is also aberrant hyperactivity.
328
Previously, our laboratory mapped the 5' flanking region of the human β1 subunit promoter.
329
Within this TATA-less promoter, we identified the major transcriptional start site (TSS) and described an 330 initiator element (Inr) that senses the presence of prolonged GABA to mediate the autologous 331 downregulation of β1 subunit expression (Russek et al. 2000) . Our recent studies have discovered that 332 such decreases in β1 subunit RNA levels may reflect a change in the chromatin state as mediated by 333 PhF1b, a polycomb-like protein (Saha et al. 2013) . In our present work, we have found a conserved 334 canonical NRF-1 binding element (Fig. 2) that interacts with NRF-1 in vitro as verified by mobility shift 335 assays (Fig. 3) . Interestingly, our results in primary rat neurons are consistent with a peak of NRF-1 336 binding over the core promoter of GABRB1 in human embryonic stem cells, as displayed in Figure 3C , 337 using our bioinformatic analysis of ENCODE project datasets (Wang et al. 2012 , Wang et al. 2013 338 Gerstein et al. 2012) with the Strand NGS pipeline (MACS V2 peak detection). We identified the same 339 peak of binding in additional NRF-1 ChIP-seq ENCODE datasets from immortalized cell lines.
340
Interestingly, we did not detect any additional NRF-1 peaks on the genes that code for other β subunit 341 genes, suggesting that NRF-1 regulation may be unique to β1.
342
It is thought that NRF-1 binds as a homodimer to the consensus binding sequence 343 (T/C)GCGCA(C/T)GCGC(A/G), making contact with DNA at the guanine nucleotides (Virbasius et al. 344 1993) . This model is supported by the results of our mutational studies which show that a single mutation 345 of G>C eliminates the ability of a cold double stranded oligonucleotide to compete for complex formation 346 as assayed by mobility shift. The location of the NRF-1 element in GABRB1 centers at -12 relative to the 347 major TTS in neocortical neurons. The GC-rich NRF-1 binding motif is often associated with TATA-less 348 promoters and found within 100 bp DNA regions around transcriptional start sites in the human genome 349 (Virbasius et al. 1993 , Xi et al. 2007 . The proximity of the NRF-1 element in GABRB1 to the Inr that 350 binds polycomb-like proteins associated with chromatin remodeling and DNA methylation (Vire et al. 351 2006) may underlie its major role in controlling basal levels of β1 subunit mRNAs in neurons. Whether
352
GABRB1 is epigenetically regulated in vivo remains to be determined and could be a feature of why its 353 transcription decreases in disease, especially since NRF-1 binding is blocked by DNA methylation 354 (Gebhard et al. 2010) .
355
Using the sensitivity of the luciferase reporter system, we have overexpressed NRF-1:VP16 in 356 living neurons and shown that it indeed regulates the GABRB1p-luciferase reporter construct and that 357 such regulation is lost upon mutation of the GABRB1 NRF-1 regulatory element (Fig. 4A ) and upon 358 competition for endogenous NRF-1 binding to the promoter by overexpression of a dominant negative 12 NRF-1 expression construct (Fig. 4B) . We have also shown that the same mutation in the NRF-1 360 regulatory element of GABRB1p removes binding of endogenous NRF-1 to neuronal extracts in a 361 mobility shift assay, as seen in Figure 3 . Finally, and perhaps most importantly, we have shown that 362 overexpression of dominant negative NRF-1 protein blocks the activity dependent increase in endogenous 363 Gabrb1 mRNA levels identifying a key molecular determinant of β1 subunit gene expression within cells 364 ( Fig. 5 ).
365
Our results are consistent with previous studies from the Russek laboratory, using the same wild 366 type GABRB1p-luciferase reporter construct, where promoter truncation and/or deletion that removes the 367 Inr and at the same time disrupts the element for NRF-1 results in a 75-90% decrease in luciferase gene 368 transcription (Russek et al. 2000) (Fig. 4) . Given that GABAR blockade by bicuculine has also been 369 shown to drive NRF-1 dependent transcription (Delgado & Owens 2012) and that bicuculine reverses 370 GABA-induced downregulation of β1 mRNA levels (Russek et al. 2000) , presumably through PhF1b 371 binding to the Inr, our new results suggest that the NRF-1 responsive element and Inr may act 372 synergistically to regulate β1 subunit levels as neurons adapt to changes in their activity state.
373
The direct regulation of NRF-1 in GABRB1/Gabrb1 gene expression in the brain may also have 374 implications in the initiation of sleep. The use of fragrant dioxane derivatives that show a 6-fold 375 preference for β1-containing GABARs (Sergeeva et al. 2010) suggest that the β1 subunit is required for 376 the modulation of wakefulness that is mediated by the histaminergic neurons of the posterior 377 hypothalamus (tubermamillary nucleus-TMN) (Yanovsky et al. 2012) . Given that energy metabolism is 378 sensitive to restoration during the sleep cycle and that NRF-1 levels rise with sleep deprivation (Nikonova 379 et al. 2010) , it is interesting that β1-containing GABARs are the major source of inhibitory control over 380 sleep.
381
Although differential expression of α subunits in relationship to brain disorders has clearly been 382 associated with their region-specific control over changes in tonic and phasic inhibition, it is only recently 383 that the importance of differential β subunit expression to GABAR function has been noted. This 384 selective property of GABAR function ascribed to the assembly of particular β subunits, however, has 385 been limited to β2 and β3, with β1 present in only a limited population of receptors in the brain. However, 386 of all β subunits, β1 has been most associated with both neurological and neuropsychiatric disorders. The 387 reason for this functional relationship remains to be described and is an active area of investigation in our 
